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Abstract
 .The mechanism of localisation of metallothionein-I MT-I mRNA was studied in transfected cells by in situ
hybridisation and cell fractionation. Hepatoma cells were transfected with the 5X-untranslated region and coding region of
X  X . Xthe b-globin gene alone or linked to either the b-globin 3 -untranslated region 3 -UTR or the MT-I 3 -UTR. The wild-type
b-globin mRNA and the b-globin mRNA lacking its native 3X-UTR were present in free and cytoskeletal-bound polysomes
to a similar extent and showed no localisation. Chimaeric globin-metallothionein transcripts were significantly enriched in
cytoskeletal-bound polysomes and were localised in the perinuclear cytoplasm. Chimaeric globin-metallothionein and
wild-type globin transcripts were of similar stability. Chinese Hamster Ovary cells were transfected with constructs in which
the MT-I 5X-untranslated region and coding sequences were linked to either the endogenous 3X-UTR or the glutathione
peroxidase 3X-UTR. Wild-type MT-I transcripts were localised in the perinuclear cytoplasm but the chimaeric MT-I-glutath-
ione peroxidase transcripts showed no distinct localisation. The results indicate that the 3X-UTR of MT-I mRNA contains a
localisation signal which promotes both the association of the mRNA with the cytoskeleton and its perinuclear localisation.
q 1997 Elsevier Science B.V.
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Abbreviations: 3X-UTR, 3X-untranslated region; MT-I, metal-
lothionein-I; CHO, chinese hamster ovary; PBS, phosphate-
buffered saline, pH 7.4; SSC, 0.15 M NaClr0.015 M sodium
citrate
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1. Introduction
There is increasing evidence that some mRNA
species which code for non-membrane proteins ex-
hibit an uneven distribution in a number of cell types.
Initial studies with the oocytes of Drosophila and
Xenopus revealed a number of maternal mRNAs
which were localised to either one or other pole of
the egg and mainly function in programming aspects
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w xof early embryogenesis 1,2 . More recently, localised
mRNAs have also been identified in differentiated
w xmammalian cells 1,3 . For example, vimentin mRNA
is localised close to the costameres in skeletal muscle
w x4 , whilst in neurones the MAP2 and tau mRNAs are
w xlocalised to dendrites and axons, respectively 5,6 .
The mRNA coding for b-actin is present in the
w xperipheral cytoplasm of spreading fibroblasts 7 ,
whereas the mRNA coding for c-myc is localised to
w xthe perinuclear cytoplasm 8 .
The precise mechanism which the cell employs to
achieve localisation of these transcripts is not under-
stood. However, it has been suggested that the cyto-
skeleton is involved in the sorting andror transloca-
w xtion of localised mRNAs 3,9 . For example, many
reports have demonstrated an association of mRNA
w xand polyribosomes with the cytoskeleton 10–13 ,
and the disruption of cytoskeletal filaments using
depolymerizing agents has been shown to release
bound mRNArpolysomes and destroy localisation
w x14–17 . Furthermore, in oocytes, the cis-acting local-
isation signal has been mapped for a small number of
localised mRNAs, and in each case it was found to
X  X .reside in the 3 -untranslated region 3 -UTR of the
mRNA. Similarly, in fibroblasts, the 3X-UTRs of the
b-actin and c-myc transcripts have been shown to
w xcontain directional information 8,18,19 . mRNA lo-
calisation may facilitate subsequent targeting of the
w xprotein product 3,18 and, for example, it has been
proposed that perinuclear localisation and cyto-
skeletal association of certain mRNAs facilitates the
subsequent import of these proteins into the nucleus
w x19,20 .
The inducible protein metallothionein-I normally
has a cytoplasmic localisation, but it is transiently
concentrated in the nucleus of proliferating cells,
notably isolated hepatocytes treated with epidermal
w xgrowth factor 21 or hepatocytes remaining after
w xpartial hepatectomy 22 . Recently it has been ob-
served that, in rat hepatoma cells, metallo-
 .thionein MT -I mRNA is associated with the cyto-
skeleton and is localised to the perinuclear cytoplasm
w x23 . It is not known how this targeting is achieved
and the aim of the present work was to investigate
whether the localisation of the MT-I mRNA and its
association with the cytoskeleton involves the 3X-UTR.
The approach adopted was to study both the localisa-
tion of a reporter sequence which has had its normal
3X-UTR exchanged with that of the MT-I 3X-UTR and
the localisation of hybrid transcripts in which the
MT-I 3X-UTR was replaced by that of glutathione
peroxidase.
2. Materials and methods
2.1. Gene constructs
A schematic representation of the gene constructs
used is shown Fig. 1. Constructs based on the rabbit
b-globin gene were derived from the mammalian
 .expression vector pcDNA3 Invitrogen, UK and a
w xvector originating from MP8.8 19 containing a
P˝uII-P˝uII fragment of the rabbit genomic b-globin
 .gene. Both the full length b-globin sequence GG
including 5X- and 3X-UTRs, coding sequences and
 .polyadenylation signal and a truncated sequence G1
in which the b-globin 3X-UTR was deleted but the
coding sequence, 5X-UTR and polyadenylation signal
maintained, were amplified by PCR using primers
incorporating KpnI and XbaI restriction sites. GG
and G1 were derived using a combination of the
 .  .oligonucleotides primer 2 p2 and primer 3 p3
 .respectively with primer 1 p1 :
p1: 5X GTGTGTGGCCCTGGTACCCCCTA-
GAGTCCT 3X
p2: 5X TGATTTGCCCTCCCATATGTCCTCTA-
GAGT 3X
p3: 5X CAGTGGTATTAGTGATCTAGAG-
CATTGGCC 3X
w xUsing standard techniques 24 these fragments
were then ligated into the KpnI and XbaI sites in the
polylinker region of pcDNA3 to produce pcKGG and
X pcKG1. The 3- UTR of MT-I plus 18 base pairs of
.coding region was obtained from a Alw441-Xba1
digest of pBMT1 a gift from Dr. R.D. Andersen,
.University of Los Angeles , a plasmid containing the
complete MT-I cDNA sequence inserted into the
Pst I site of Bluescript SKq . This fragment was then
inserted into the unique XbaI site of pcKG1, employ-
 X .ing a combination of blunt 5 end of insert and
 X .sticky 3 end of insert end ligations. The structures
were confirmed by cycle sequencing using an Ap-
 .plied Biosystems DNA sequencer ABI, UK . The
pcMTI plasmid was prepared by removing the full
MT-I cDNA sequence from pBMT1 by BamHI-ApaI
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digestion and inserting it into the polylinker region of
pcDNA3. The pcMTGSH construct which contains
the 5X-UTR and coding region of MT-I linked to the
glutathione peroxidase 3X-UTR was prepared by ex-
changing the MT-I coding region and 5X-UTR for that
of the 5X-deiodinase sequences in a pcDNA3 vector
containing an insert of 5X-deiodinase sequences linked
X w xto the glutathione peroxidase 3 -UTR 25 . Both the
deiodinase and MT-I coding sequences with the 5X-
UTR were removed from the appropriate plasmids by
BamHI-Bsu36I digestion and the MT-I fragment then
ligated into the BamHIrBsu36I site of the vector
containing the glutathione peroxidase 3X-UTR.
2.2. Cell culture and transfection
Rat H4 hepatoma cells were grown in Dulbecco’s
minimal Eagle’s medium supplemented with 10%
foetal calf serum and in an atmosphere of 5% CO ,2
and CHO cells were grown in Hams F-12 medium
supplemented with 5% foetal calf serum and in an
atmosphere of 5% CO . For transfection 2=1052
cells were subcultured into 35 mm Petri dishes and
cultured overnight until the cells were 80% confluent.
Transfection was carried out using 1–2 mg plasmid
DNA and 6 ml of 2 mgrml lipofectamine. Stable
transfectants were selected by culture in the presence
of 400 mgrml G418.
2.3. In situ hybridisation
Cells were grown in multi-well glass chamber
slides. This allowed the cell lines to be compared to
be grown in adjacent wells and all treatments and
reactions carried out under identical conditions for a
given set of cell lines: in this way mRNA distribution
was directly comparable. Cells were washed three
times with PBS prior to fixation for 10 min with 4%
paraformaldehyde in PBS. The cells were partially
dehydrated in 70% ethanol for 30 min and then fixed
for a further 10 min in 4% paraformaldehyde, 0.2%
Triton X-100 in PBS. After a further brief fixation in
4% paraformaldehyde for 5 min and two further
washes in PBS, cells were incubated in 50% for-
mamide, 2=SSC at room temperature before being
hybridised overnight at 558C with 200 ng of digoxi-
genin-labelled antisense riboprobe. The b-globin
probe was generated using T7 polymerase from a 90
bp ApaI-EcoRI fragment of the last exon of the
rabbit b-globin gene using a DIG RNA labelling kit
 .Boehringer Mannheim, UK . The MT-I probe was
generated in a similar manner from the 400 bp full
MT-I sequence in pcDNA3 with the addition of
alkaline hydrolysis of the RNA to reduce the ribo-
probe size to 200 bp. Controls were either hybridised
with a digoxigenin-labelled sense probe generated
from the same fragment using SP6 polymerase or
Fig. 1. Structure of the hybrid and control gene constructs.
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incubated with hybridisation mix containing no probe.
After hybridisation, cells were washed in 5=SSC for
30 min and then in 50% formamide, 2=SSC both at
558C. Non-specifically bound probe was removed by
treatment with 20 mgrml RNase A in wash buffer
10 mM Tris–HCl, pH 7.5 containing 0.4 M NaCl
.and 5 mM EDTA at 378C. After a brief wash in
wash buffer and two further washes in 2=SSC, the
bound probe was detected by incubation with alkaline
phosphatase-linked anti-digoxigenin Boehringer
.Mannheim, UK and subsequent incubation with 4-
nitro blue tetrazolium.
The product of the alkaline phosphatase activity
was quantified by an image analysis system in which
images were captured using a Pulnix camera and
FenestrarCyclops software Kinetic Imaging, Liver-
.pool, UK . Three perinuclear areas, defined as being
areas of cytoplasm close to the nucleus but not
including any part of the nucleus, were selected at
random and readings then taken in three areas of
adjacent cytoplasm in the cell periphery. Three mea-
surements of single perinuclear and peripheral re-
gions were sufficient to estimate staining distribution
w xsince, as we have found previously 19 , measure-
ments in the perinuclear cytoplasm and in the periph-
eral cytoplasm along the edge of the cell showed
little variation in staining intensity. Mean peripheral
and perinuclear staining intensity values were calcu-
lated for each cell and measurements were taken in
 .20 individual cells selected at random of each cell
line and corrected for slide blanks measured in cell-
free areas.
2.4. Cell fractionation, RNA extraction and hybridis-
ation
Cells were grown in 90 mm Petri dishes and
 .treated with emetine 100 ngrml medium for 30 min
prior to extraction of polysomes in order to maintain
w xmRNA-ribosome interactions 26 . Polysome frac-
tions were isolated using a sequential detergentrsalt
extraction procedure as described previously
w x8,12,20 , and then polysomes were separated from
monosomes and lighter ribonucleoprotein particles by
centrifugation at 32 000=g for 16 h through a 10-ml
w xcushion of 40% sucrose 20 . All buffers and cushion
solutions were autoclaved where appropriate.
Total RNA was extracted by the acidrguan-
w xidiniumrphenolrchloroform method 27 and the
preparations were assessed by the A rA ab-260 280
sorbance ratio. RNA species were then separated by
electrophoresis through a denaturing 2.2 M formal-
w xdehyde, 1.2% agarose gel 24 and transferred to
 .nylon membrane Genescreen from NEN Dupont by
capillary blotting. RNA was fixed to the membrane
by exposure to UV light and the membranes stored
dry until required. Membranes were prehybridised at
428C with 0.1 mgrml denatured salmon sperm DNA
in 50% formamide, 10% dextran sulphate, 0.2%
bovine serum albumin, 0.2% polyvinylpyrrilidone,
0.2% Ficoll, 0.1% sodium pyrophosphate, 1% SDS
and 50 mM Tris–HCl, pH 7.5.
The b-globin probe corresponded to the XbaI-XhoI
fragment containing the three exons of the b-globin
w x w32 xcoding region 8 . DNA was labelled with P dCTP
by random priming Multiprime kit from Amersham
.International, UK and then separated from free nu-
cleotides by gel filtration on Sephadex G-50; probe
specific activities were approximately 109 cpmrmg
DNA. The labelled probes were added to the prehy-
bridisation mix and hybridised at 428C for 24 h. The
membranes were washed twice in 2=SSC at room
temperature for 5 min to remove non-specific hy-
bridisations, followed by two further washes with
 .either 0.5=SSC, 1% SDS at 658C for 1 h c-myc or
 .1=SSC, 0.5% SDS at 658C for 30 min b-globin .
Specific hybridisation was then detected and quanti-
fied using a Packard Instantimager. After data acqui-
sition, membranes were washed in 0.1% SDS for
5–10 min at 958C before rehybridisation with a 1.4
w xkb probe for 18S rRNA 28 in order to quantify the
RNA loaded in each lane.
3. Results
3.1. The 3X-UTR of MT-I promotes association of a
reporter sequence with the cytoskeleton
It has been observed previously that the rat MT-I
mRNA is enriched in a cytoskeletal-bound polysome
w xfraction from rat hepatoma cells 23 . In this study we
investigated whether the 3X-UTR of the MT-I mRNA
contains a localisation signal which is responsible for
this cytoskeletal association. The strategy employed
to address this question was to attempt to direct a
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reporter sequence to the cytoskeleton by linking it to
the 3X-UTR of the MT-I mRNA; the coding region of
the rabbit b-globin gene was chosen as the reporter
sequence since wild-type b-globin sequences have
been found not to be associated with the cytoskeleton
w x w x8 or to be localised within the cytoplasm 19 . The
distribution of the control and chimaeric transcripts
was then determined by subjecting the different cell
lines to a polysome fractionation procedure see Sec-
.tion 2, Materials and Methods section which sepa-
 .rates the cells into free FP , cytoskeletal-bound
 .  .CBP and membrane-bound MBP polysome frac-
tions. As shown in Fig. 2, cells which were trans-
 .fected with either the wild-type b-globin pcKGG or
X  .b-globin which lacks the native 3 -UTR pcKG1
both exhibited no enrichment of globin transcripts in
CBP; both FP and CBP contained similar amounts of
the globin transcript and the ratio of transcript abun-
dance in CBP to that in FP was 1.11"0.02 and
 .1.18"0.02 Table 1 , respectively. b-globin tran-
Fig. 2. Northern hybridisation of total RNA extracted from free
 .  .FP , cytoskeletal-bound CBP and membrane-bound polysome
 .MBP fractions. All lanes were loaded with 20 mg total RNA
w32 xand the b-globin probe was labelled with P dCTP by random
priming. After hybridisation, non-specifically bound probe was
removed by washing and b-globin transcripts detected by auto-
radiography using b-max Hyperfilm. Note the marked enrich-
 .ment of the hybrid globin-MT pcGMT transcript in CBP,
 .whereas the control b-globin transcripts pcKGG and pcKG1
have similar signals in both the FP and CBP fractions.
Table 1
Distribution of b-globin transcripts between free and cyto-
skeletal-bound polysomes in cells transfected with control and
chimeric gene constructs
b-globin transcript c-myc transcript
Cell line Abundance in CBPr Abundance in CBPr
abundance in FP abundance in FP
)  .  .pcKG1 1.18"0.02 3 1.95"0.26 3
))  .  .pcKGG 1.11"0.02 3 1.77"0.29 3
 .  .pcGMT 1.70"0.04 3 1.60"0.13 3
The b-globin and c-myc transcripts were detected by Northern
hybridisation and the amount of bound probe quantified using a
Canberra Packard Instant imager. Membranes were stripped and
reprobed in order to quantify 18S rRNA so as to correct for any
differences in loading between lanes. b-Globin and c-myc abun-
dances were calculated as arbitrary units per unit 18S rRNA and
then expressed as a ratio. Values are means"S.E.M. with the
number of experiments in parentheses. The CBPrFP ratios for
the b-globin transcripts were compared using Student’s t-test:
) P -0.001; )) P -0.0005 compared to the pcGMT cell line.
scripts were found enriched in the FP fraction in
w xfibroblasts 8,19 and the present results presumably
reflect the different character of H4 cells.
In contrast to the situation in pcKGG and pcKG1
 .cells, the hybrid globin-MT pcGMT transcript was
enriched in the cytoskeletal-bound polysome fraction
 . Fig. 2 , with a CBPrFP ratio of 1.7"0.04 Table
.1 . This enrichment in CBP was significantly greater
 .than that of the pcKGG P-0.0005 and pcKG1
 .P-0.001 cell lines. The distribution of the en-
dogenous c-myc transcript was assessed in all experi-
ments since the c-myc mRNA has proved to be a
marker for the CBP fraction in a variety of cell lines
w x3 . As shown in Table 1, the degree of enrichment of
 .c-myc mRNA in CBP 1.6–1.95 was similar in the
three transfected cell lines, indicating that the ob-
served differences in distribution of globin transcripts
is not due to differences in fractionation. So, it would
appear that the attachment of the 3X-UTR of MT-I to
the globin reporter sequence causes it to become
strongly associated with the cytoskeleton, which is
manifest in the data in the form of a shift from almost
equal abundance in the FP and CBP fractions for the
pcKGG and pcKG1 cell lines to a much greater
enrichment in the CBP fraction in the case of the
pcGMT cell line. Also, the fact that there is no
significant difference between the CBPrFP ratios of
the pcKGG and pcKG1 cell lines means that the
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removal of the 3X-UTR from b-globin has no effect
on the distribution of the transcript and the associa-
tion of the globin-MT transcript with the cytoskeleton
is due to the presence of the MT-I 3X-UTR.
3.2. The metallothionein 3X-UTR targets a reporter
sequence to the perinuclear cytoplasm
The distribution of the globin transcripts in the
pcKGG, pcKG1 and pcGMT hepatoma cell lines was
also studied by in situ hybridisation. Cells were
 .hybridised with both antisense and sense as control
digoxigenin-labelled riboprobes complementary to a
short region of the b-globin coding sequence. Hep-
atoma cells containing the full b-globin transcript
 .Fig. 3a showed no specific localisation of the globin
transcripts, with staining present throughout the cell
from the perinuclear region to the periphery. Quan-
tification of the staining by image analysis confirmed
that the staining intensity in perinuclear and periph-
 .eral cytoplasm was similar Table 2 ; the ratio of
perinuclear to peripheral staining was 1.4"0.1. The
staining pattern was similar in the cells containing the
attenuated b-globin transcripts which lack the 3X-UTR
 .Fig. 3b; Table 2 , the perinuclearrperipheral stain-
ing ratio in this case being 1.5"0.1. However, in
cells containing the hybrid transcripts with the MT-I
3X-UTR linked to the b-globin coding region the
Fig. 3. In situ hybridisation showing the distribution of b-globin transcripts in cells transfected with either control b-globin or hybrid
b-globin-MT constructs. Cells were hybridised with a digoxigenin-labelled riboprobe specific for a short region of b-globin coding
sequence. Specific labelling was detected using anti-digoxigenin antibody linked to alkaline phosphatase and 4-nitro blue tetrazolium as
 .  .substrate. Both the control b-globin cell lines pcKGG a and pcKG1 b exhibited uniform staining throughout the cell, whereas the
 . XpcGMT c cells containing the hybrid b-globin linked to the MT-I 3 -UTR show a pronounced staining in the perinuclear cytoplasm.
 .Cells reacted with a labelled sense probe d showed negligible staining. Bars correspond to 10 mm.
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intensity of staining was greatest in the perinuclear
 .cytoplasm Fig. 3c and this observation was sup-
ported by image analysis perinuclearr peripheral
.staining ratio was 3.4"0.4 . These results suggest
that the 3X-UTR of MT-I, when linked to the reporter
b-globin sequence causes a redistribution of the re-
porter sequence from a diffuse or non-localised intra-
cellular distribution to a localised distribution adja-
cent to the nucleus. This redistribution does not result
from the removal of the 3X-UTR from the b-globin
transcript as there is no appreciable difference in the
staining pattern between the pcKGG and pcKG1 cell
lines, whereas a very marked difference is seen with
the presence of the MT-I 3X-UTR.
It was theoretically possible that the observed per-
inuclear staining in the pcGMT cells could have
arisen as a result of the attached MT-I 3X-UTR con-
ferring instability on an otherwise stable globin tran-
script so that the emergent transcript was rapidly
degraded, so confining the transcript to the perinu-
clear region. In order to investigate this possibility
the stability of the hybrid globin-MT transcript was
compared to the stability of the full globin transcript
Fig. 4. Stability of wild-type and hybrid globin-MT-I transcripts:
Northern hybridisation of total RNA extracted from cells incu-
bated with Actinomycin D. Cells were incubated with Actino-
mycin D for 0, 3, 6 or 12 h and total RNA extracted prior to
hybridisation to detect b-globin transcripts. There was little
difference in the stability of the full b-globin transcript present in
 .the pcKGG cells A compared to the hybrid b-globin-MT
 .transcript present in the pcGMT cell line B . Both mRNAs were
readily detectable after 12 h. After the filters were stripped and
hybridised with a specific c-myc probe, the c-myc mRNA was
only detectable at 0 h in both cell lines.
Table 2
Image analysis of in situ hybridisation showing quantification of
b-globin transcripts in the perinuclear and peripheral cytoplasm
 .b-globin probe bound intensity units
Cell line Perinuclear Peripheral Perinuclearr
cytoplasm cytoplasm peripheral
ratio
 .  .pcKG1 58.5"1.9 20 40.1"1.7 20 1.5"0.1
 .  .pcKGG 77.7"1.8 20 58.8"1.9 20 1.4"0.1
 .  .pcGMT 101.1"2.8 20 34.6"1.9 20 3.4"0.4
The distribution of transcripts, visualised by in situ hybridisation,
was quantified at different subcellular locations using the Fenes-
tra 2.03 and Cyclops 2.33 image processing and analysis pack-
ages, which allowed an intensity value of between 0 and 255 to
be attributed to perinuclear and peripheral cytoplasm regions of
the transfected cells. Results, corrected for background levels, are
means"S.E.M. of 20 cells for each cell line.
 .Fig. 4 by arresting transcription with the addition of
Actinomycin D and performing RNA extractions at
 .certain time intervals 0, 3, 6 and 12 h following this
addition. Both the wild-type and hybrid transcripts
were very stable and were still detectable 12 h after
the addition of Actinomycin D. In contrast, when the
filters were stripped and hybridised with a probe
specific for the very unstable c-myc transcript half-
w x.life of approximately 30 min; 29 c-myc mRNA
was undetectable by 3 h after addition of Actino-
 .mycin D results not shown . These results are in
accordance with previous studies showing that b-
w xglobin mRNA is extremely stable 30 and that metal-
Table 3
Image analysis of in situ hybridisation showing quantification of
MT-I transcripts in the perinuclear and peripheral cytoplasm
 .MT-I probe bound intensity units
Cell line Perinuclear Peripheral Perinuclearr
cytoplasm cytoplasm peripheral
ratio
pcMT 97.6"2.0 40.5"1.8 2.4"0.1
pcMTGSH 103.2"1.8 87.5"2.4 1.2"0.1
The distribution of transcripts, visualised by in situ hybridisation,
was quantified at different subcellular locations using the Fenes-
tra 2.03 and Cyclops 2.33 image processing and analysis pack-
ages, which allowed an intensity value of between 0 and 255 to
be attributed to perinuclear and peripheral cytoplasm regions of
the transfected cells. Results, corrected for background levels, are
means"S.E.M. of 20 cells for each cell line.
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lothionein mRNAs are also stable transcripts with
 w x.estimated half-lives of 2–12 h reviewed in 31 . In
addition, the similar stability of wild-type and hybrid
transcripts shows that the localisation on addition of
the MT-I 3X-UTR to the reporter mRNA is not due to
any differences in mRNA stability.
3.3. Replacement of the metallothionein 3X-UTR de-
stroys perinuclear association of MT-I mRNA
The effect of exchanging the 3X-UTR of MT-I
mRNA on the localisation of MT-I transcripts was
investigated in CHO cells by comparing the distribu-
tion of transcripts generated by wild-type MT-I and
MT-I coding sequences linked to the glutathione
peroxidase 3X-UTR. CHO cells were used for this
work since they express extremely little or no MT-I
mRNA and the glutathione peroxidase 3X-UTR was
chosen as the exchange material because this mRNA
w xhas been found in FP in both H4 cells 32 and CHO
cells Partridge, Johannessen, Pryme, Tauler and
.Hesketh, unpublished observations . In situ hybridisa-
tion using a riboprobe complementary to MT-I mRNA
sequences showed that cells containing the full MT-I
transcript exhibited a perinuclear distribution of the
 .mRNA Fig. 5 , similar to the perinuclear distribution
of endogenous MT-I mRNA observed in H4 hep-
w xatoma cells 23 ; thus the transcript from the trans-
 .Fig. 5. In situ hybridisation showing the distribution of Metallothionein-I transcripts MT-I in cells transfected with either control MT-I
or hybrid MT-glutathione peroxidase constructs. Cells were hybridised with a digoxigenin-labelled antisense riboprobe complementary to
the MT-I mRNA. Specific labelling was detected using anti-digoxigenin antibody linked to alkaline phosphatase and 4-nitro blue
 .tetrazolium as substrate. The cell lines expressing the control MT-I construct a exhibited a perinuclear staining pattern consistent with a
X  .perinuclear distribution of transcripts. In contrast, in cells expressing the chimaeric MT-I-glutathione peroxidase 3 -UTR transcripts b
 .the staining was uniform throughout the cytoplasm and no perinucear concentration of transcripts was evident. Untransfected cells c
 .showed negligible staining, as did transfected cells hybridised to the sense riboprobe d . Bars correspond to 10 mm.
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fected gene has a similar localisation to endogenous
MT-I in a different cell line. In contrast, cells ex-
pressing the chimaeric transcripts with the glu-
tathione peroxidase 3X-UTR showed no clear perinu-
clear localisation of the mRNA. Quantification of the
 .transcript distribution by image analysis Table 3
confirmed the lack of perinuclear staining in the
MTGSH cells perinuclearrperipheral staining ratio
.of 1.2"0.1 and the distinct perinuclear staining in
the cells transfected with the native MT-I gene peri-
.nuclearrperipheral staining ratio of 2.4"0.1 . These
results indicate that replacement of the endogenous
3X-UTR in MT-I mRNA by the 3X-UTR of glutathione
peroxidase causes a loss of perinuclear localisation.
4. Discussion
The above observations indicate that the 3X-UTR of
MT-I mRNA is sufficient to target a reporter tran-
script to the perinuclear cytoplasm and the cyto-
skeleton, indicating that the MT-I 3X-UTR contains a
localisation signal. Taken alone the globin reporter
gene data cannot exclude the possibility that addi-
tional targeting signals occur in the other parts of the
MT-I mRNA. However, replacement of the endoge-
nous 3X-UTR by that from GSH mRNA caused loss
of perinuclear localisation. Although, formally, this
could be explained by a signal present in the GSH
3X-UTR rather than loss of a signal in the MT-I
3X-UTR, recent evidence suggests the contrary con-
clusion. For example, FP are considered to contain
w xnon-localised mRNAs 3 and these do not appear to
X w xcontain any signals in the 3 -UTR 1,33 . Further-
more, the removal of the 3X-UTR from another mRNA
found in FP does not affect mRNA distribution Ta-
.ble 1 . All of this evidence suggests that loss of
perinuclear localisation of the MT-GSH transcripts is
best explained by the removal of a perinuclear locali-
sation signal in the MT-I 3X-UTR. In addition, the two
sets of data are mutally supportive since replacement
of MT-I 3X-UTR leads to loss of targeting and addi-
tion of those 3X-UTR sequences leads to targeting.
Thus, the globin reporter data, taken together with the
observed loss of localisation when the MT-I 3X-UTR
is replaced, lead us to propose that the MT-I 3X-UTR
contains a cis-acting signal that plays a significant
role in the perinuclear localisation and cytoskeletal
association of the rat MT-I mRNA. Such localisation
signals have been observed in a very few mammalian
mRNAs such as actin, c-myc and creatine kinase
w x18,19,34 and the presence of a signal in the metal-
lothionein 3X-UTR lends support to the concept that
there is a general mechanism in mammalian somatic
cells by which mRNAs are targeted via signals within
3X-UTR sequences; furthermore, the present data also
implicate the 3X-UTR in targeting to the cytoskeleton,
w xas was found in the case of c-myc 19 .
In a number of previous investigations deletions
have been made in 3X-UTRs implicated in mRNA
localisation. Although the precise localisation signal
for any particular mRNA has not been elucidated, the
concensus from such work is that relatively long
sequences of 50–200 nucleotides sometimes more
X .than one in a given 3 -UTR are required for localisa-
w xtion 1,3,18,19 . The present work indicates a locali-
sation sequence is present in the 140 nucleotide
3X-UTR from MT-I and thus limits the localisation
signal to a comparable length of nucleotides. It is
 w x.possible as discussed in 3 that secondary structure
of the RNA is important in determining the localisa-
tion signal.
In the case of both actin and creatine kinase there
is a differential localisation of the mRNAs coding for
w xdifferent isoforms 18,34 , and this appears to occur
via 3X-UTR-based mechanisms. The present results,
coupled with the finding that the MT-I and MT-II
mRNAs have significantly different enrichment in
w xcytoskeletal-bound polysomes 23 , suggests that the
compartmentation of metallothionein mRNAs may
also be in this category, and that proteins which exist
as isoforms can achieve compartmentation through
differential localisation of isoform mRNAs. Further
studies are required to confirm this and to investigate
the relative roles of the 3X-UTRs from different MT
isoform mRNAs.
C-myc mRNA, which has also been found to be
localised to the perinuclear cytoplasm in fibroblasts
w x8 , codes for a nuclear protein and the mRNAs for
several other proteins which are imported into the
nucleus have been found associated with the cyto-
w xskeleton 21,35 . Similarly, metallothionein, although
normally a cytoplasmic protein, does translocate to
the nucleus under certain conditions such as rapid
w xproliferation 21,22 and in early mammalian devel-
w xopment 36 . The positioning of the MT-I mRNA
( )P. Mahon et al.rBiochimica et Biophysica Acta 1358 1997 153–162162
adjacent to the nucleus may be a prerequisite for
efficient transport of the protein product into the
nucleus. The significance of the cytoskeletal associa-
tion of MT-I mRNA and globin-MT transcripts is
unclear, but it is tempting to suggest that it is the
cytoskeleton which provides either the motor respon-
sible for their transport e.g. the kinesin and dynein
superfamilies which are microtubule force-generating
w x.proteins; 9,37,38 or the anchor to confine it to the
perinuclear cytoplasm. Alternatively, the translation
of the MT-I mRNA close to the cytoskeleton may
reflect a need for the MT-I protein in close proximity
to cytoskeletal filaments, perhaps as a protective
measure against the deleterious effects of reactive
w xoxygen species or heavy metals 39 .
In conclusion, the potential significance of the
MT-I mRNA targeting signal is 3-fold: firstly, it
supports the hypothesis that in mammalian somatic
cells mRNA targeting occurs via a mechanism in-
X w xvolving the 3 -UTR and the cytoskeleton 3 ; sec-
ondly, it may have a possible role in MT isoform
mRNA compartmentation; thirdly, it may be related
to the presence of MT in the nucleus under certain
physiological conditions.
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